PM 2.5 samples from four coastal urban sites (Fuzhou, Putian, Quanzhou, and Xiamen) in Southeastern China were collected to analyze their major chemical composition including inorganic ions, organic carbon (OC), elemental carbon (EC), and inorganic elements. Organic matter (OM = 1.6 × OC) was the largest contributor, accounting for 30.2% of PM 2.5 mass concentration, and followed by sulfate (19.8%), ammonium (10.6%), and nitrate (9.7%), with minor contribution from trace species (5.1%), crustal species (4.7%) and EC (2.9%). Sea-salt and biomass burning potassium together contributed less than 2%. At the four sites, higher PM 2.5 and its major components were observed in the northeast monsoon season while lower levels were found in the southwest monsoon season. The periodic PM 2.5 cycle was observed and influenced mainly by rain wash out. However, regular diurnal variations of PM 2.5 with high concentration during daytime were only observed in summer due to the greater production of sulfate and organic aerosols in spite of the fact that the vertical mixing coefficients were lower during nighttime. The relative contributions of secondary inorganic aerosols (sulfate, nitrate, and ammonium) to PM 2.5 increased rapidly while the contribution of OM decreased during the haze episodes. The reconstructed visibility using revised IMPROVE method correlated well with the measured values. At Xiamen and Fuzhou sites, the major contributors of light extinction coefficient were ammonium sulfate, ammonium nitrate, OM and coarse mass, and accounted for more than 80% of the light extinction coefficient on average.
INTRODUCTION
In the last few years, there has been an increasing concern about PM 2.5 pollution in China's mega cities due to their influences on visibility degradation, adverse health effects, and climate change (Zheng et al., 2005; Sun et al., 2006; Feng et al., 2009; Zhao et al., 2009; Yang et al., 2012; Guo et al., 2014; Zhang et al., 2015) . The reported levels of PM 2.5 in China's megacities are generally very high compared with internationally accepted health goals. Many studies of PM 2.5 in China have focused mainly on its chemical composition such as SO 4 2-, NO 3 -, NH 4 + , organic carbon (OC), crustal matter and elemental carbon (EC) which are the dominant species (Song et al., 2006; Wang et al., 2006; Yang et al., 2011; Xu et al., 2012; Guo et al., 2014; . Motor vehicles, fossil-fuel at each site in parallel. The sampling periods of November, January, April and July or June were defined as fall, winter, spring and summer, respectively. Each sampling period was 15 days in which the daytime sampling was from 08:00 to 18:00 and nighttime sampling was from 18:00 to 08:00 the next day. The flow rate was 100 ± 2 L min -1 and the particles were trapped using quartz filters (Pallflex 2500QAT-UP, 90 mm) for the analyses of gravimetry, carbon and water soluble ionic species, and polypropylene fiber filters (Tianjin Xinyao Co., Ltd., China, pore size 0.45 µm, 90 mm) for elemental analyses . All blank quartz filters were prebaked at 600°C for at least 8 h in a muffle furnace to remove impurities, and polypropylene filters were used without further treatment.
PM 2.5 mass concentration was obtained by gravimetry method with an analytical microbalance (Mettler Toledo AE420, ± 0.01 mg) after being conditioned under constant (20 ± 5°C) and relative humidity (40% ± 5%). Each filter was stored in a separate sealed Petri dish (F-Box, www.bmet.cn) at -20°C before and after sampling. A total of 960 quartz filters and 960 polypropylene filters were collected in this specific sampling protocol. During the sampling periods, the concentrations of criteria air pollutants, such as NO, NO 2 , SO 2 , and O 3 , were available only at the XM and FZ sampling sites from the Fujian Environmental Protection Bureau; meteorological factors, such as temperature, Relative humidity, wind direction, wind speed, atmospheric pressure and rainfall as well as visibility near the two sites (N24.48, E118.08, altitude 139 m; N26.08, E119.28, altitude 85 m) were derived from Weather & Climate website (www.weath erandclimate.info) and atmospheric vertical mixing coefficient (defined as wind speed multiplied by mixing height) were derived from air resources laboratory (www.ready.arl.noaa. gov/Readyamet.php). The average values of temperature (T), relative humidity (RH), wind speed (WS), wind direction (WD), air pressure (P), visibility, vertical mixing coefficient (Mix C) and rainfall (RF) for the eight sampling periods near the XM and FZ sites were summarized and depicted in Figs. 2 and S2.
Chemical Analysis
Carbonaceous species including OC and EC were analyzed by the thermal-optical transmittance analyzer (TOT, Sunset Laboratory Inc., USA) following the temperature program outlined in the NIOSH 5040 method (Birch and Cary, 1996) . Around 10% of the samples were randomly selected and measured twice to check the analytical precision. The average relative percentage variations for OC, EC and TC were 4.2 ± 2.9, 10.9 ± 3.9 and 3.1 ± 2.3, respectively (n = 90). Field blanks were used to quantify procedure detection limits. Trace OC (average 0.91 µg C per punch) and EC (average 0.02 µg C per punch) were detected on the field blank filters. The limits of detection (LOD), calculated as three times of the standard deviation (3σ) of the field blanks, were 0.056 and 0.003 µg C m -3 for OC and EC, respectively, based on 72 m 3 of a typical sampling volume per sample. Both carbonaceous species were significantly higher than the LOD in all samples collected. The final carbonaceous mass on each filter was corrected with the field blank. T a i w a n S t r a i t , and K + were analyzed using ion chromatography (PIC-10, Qingdao Puren Instruments Co., Ltd., China) with a suppressed conductivity detector. A universal cation column-MF (100 × 4.6 mm 7 µm, Alltech) and an anion column-MF (150 × 4.6 mm 7 µm, Allsep) were used to separate cations and anions. The mobile phase for cation and anion columns were 3.0 mM methanesulfonic acid and 0.85 mM NaHCO 3 /0.9 mM Na 2 CO 3 , respectively. The determination coefficient (R 2 ) of the calibration curve for each ionic species was required to be higher than 0.99. Both field and laboratory blanks were routinely analyzed in order to correct the possible contamination due to the transportation and reagents. The spike recoveries were carried out by spiking with known amounts of standard ionic species to a blank filter punch, ranging from 86.7% (Cl -) to 108% (NH 4 + ). The field-blank based LOD were calculated as three times of the standard deviation of the field blanks and ranged from 0.03 µg m -3 (NO 3 -) to 0.77 µg m -3 (NH 4 + ) based on 72 m 3 of sampling volume. A total of 26 elements including F, Na, Mg, Al, Si, S, Cl, K, Ca, Ti, Zn, Fe, Pb, Mn, Cu, V, As, Br, Te, Ga, Cs, Ni, Cr, Cd, Co, and Se were determined by X-ray fluorescence (XRF-1800, Shimadzu, Japan). Standard filters with known amounts of the above elements (15-50 µg cm -2 ) from Micromatter Company, Canada, were used to quantify the concentrations of these elements on polypropylene filters. The results were corrected by the field blanks.
Reconstruction of PM 2. 5 As described in the introduction, carbonaceous species, secondary inorganic ions (SO 4 2-, NO using IC and XRF, it is necessary to compare the results to validate the data for PM 2.5 reconstruction. The ratio of SO 4 2-(using IC) to S (using XRF) is expected to be three, while the ratio of K + to K is expected to equal or be less than 1. A strong correlation was observed for SO 4 2-vs. total S (slope = 2.88, R 2 = 0.91, p < 0.001) and K + vs. total K (slope = 0.99, R 2 = 0.80, p < 0.001) (Fig. S1 ). Other species ratios such as Na + /Na, Cl -/Cl, Mg 2+ /Mg, and Ca 2+ /Ca (R 2 = 0.75) were also much less than 1. Thus, total Na, Ca, Mg, Cl and water soluble SO 4 2-and K + (used to calculate K b ) and Na + (only used to calculate sea salt) were used in the mass reconstruction of PM 2.5 .
A factor of 1.6 in converting OC to OM was employed in this study in accordance with previous results (Turpin and Lim, 2001; Feng et al., 2009; Xing et al., 2013; Zhang et al., 2013; Zhang et al., 2015) . The crustal species is estimated using a method provided by Zhao et al. (2010) and Yang et al. (2011): Crustal species = 1.89 × Al + 2.14 × Si + 1.40 × Ca + 1.67 × Mg + 1.48 × Al
The second Al coefficient (1.48) attempts to describe the contribution of other crustal elements (Na, K, Fe, Mn, and Ti), and their mineral oxides (Na 2 O, K 2 O, Fe 2 O 3 , MnO and TiO 2 ) are estimated from the Earth average crust composition (Taylor and McLennan, 1995; Yang et al., 2011) . The noncrustal fractions of K and Na were considered as biomass burning-derived K (K b = K + -0.132 × Al) and sea-salt Na (ssNa = Na + -0.27 × Al), respectively. The residue mass, calculated as the mass difference between the measured PM 2.5 and the sum of the quantified species, was referred as unidentified. Therefore, PM 2.5 concentrations were reconstructed using the following equation: . Although the fine particulate pollution is not as serious in Fujian as these other cities, health effects cannot be neglected based on the interim target-1 standard for annual mean PM 2.5 (35 µg m -3 ) recommended by the WHO. The seasonal variations of PM 2.5 are controlled by several meteorological factors such as ambient temperature (T), relative humidity (RH), atmospheric pressure (P), vertical mixing coefficient, rainfall, wind speed (WS) and direction (WD). In this region, cold seasons are generally characterized by northeast monsoon, occasional temperature inversions, high atmospheric pressure and low mixing coefficient which favor the long range transport of pollutants from the North and East China, and the accumulation of anthropogenic exhaust emissions. High temperature, high precipitation, low pressure, high mixing coefficient and southwest monsoon during the warm seasons would cause air pollutants to be diluted, dispersed, and washed out of the atmosphere. The concentrations of PM 2.5 at the four sites revealed a typical seasonality with higher values in fall, winter and spring, and lower values in summer (Figs. 1 and 2). It is clear that prevailing wind direction is south-southwest in summer and north-northeast in other seasons ( Fig. S2(d) ). The southwest winds blowing from the South China Sea will bring cleaner air masses and dilute the concentrations of PM 2.5 and related air pollutants. In contrast, the northern and northeastern winds along the mainland China's coastlines will bring more air pollutants and enhanced the concentrations of PM 2.5 . In addition, higher mixing coefficient, wind speed, temperature and lower pressure in summer (Figs. 2(a), 2(c), 2(e) and 2(g)) helped PM 2.5 to disperse and resulted in lower PM 2.5 concentrations. Similar seasonal trends have also been observed for sulfur dioxide (SO 2 ), nitrogen dioxides (NO 2 ), nitric oxide (NO), PM 10 and associated polycyclic aromatic hydrocarbons and organic acids in this area (Hsu et al., 2010; Wu et al., 2012; Xu et al., 2012; Zhang et al., 2012; Wu et al., 2015) . Significant associations were also found between PM 2.5 and some meteorological parameters such as wind speed, ambient temperature, pressure and mixing coefficient as well as its precursors such as SO 2 and NO x at XM and FZ sites (p < 0.001) (Tables S1 and S2). Although these associations between PM 2.5 concentrations and rainfall (RF) and relative humidity (RH) were not significant during the whole sampling period, a drastic reduction in the concentration of PM 2.5 due to rain scavenging processes was seen in November 2011 and January 2012 (Fig. 2) . The absence of statistical significance can be interpreted as ineffective wash-out of particulate matter by the light rain and/or a time lag between the reduction of PM 2.5 and the rain event. In addition, the mass concentrations of PM 2.5 at the four sites showed strong positive correlations (r = 0.699-0.813, p < 0.001) and very similar fluctuations and chemical composition (Fig. 1) during the same sampling period, which highlight the regional nature of the air pollution problem. These findings indicated that these sites shared a common flow of air or same airshed and/or had similar source categories (discussed later).
Major Chemical Components Mass Closure
Based on the chemical analysis of these PM 2.5 samples, the major components included OM (30.2 ± 6.7%), sulfate (19.8 ± 5.1%), ammonium (10.6 ± 4.1%), and nitrate (9.7 ± 5.4%). The minor components included trace species (5.1 ± 2.1%), crustal species (4.7 ± 2.7%), EC (2.9 ± 0.9%), seasalt (0.8 ± 0.6%) and biomass burning K (0.7 ± 0.1%). Unidentified components accounted for a significant fraction (15.5 ± 3.2%) of the PM 2.5 mass. Noticeably, the and OM (r = 0.375-0.501) at the significance of 0.001 (Table S1-S4) . ascribed the high unidentified fraction (~35%) at an urban site in Xi'an to the elevated dust concentrations. Zhang et al. (2013) found the largest unidentified fraction in summer (42.5%) when secondary inorganic aerosol formation was favorable and smallest (15.9%) in spring when the dusts were prevalent in Beijing. In this study, no significant correlation was observed between unidentified and crustal species and sea-salt. Thus, the unidentified fraction may be attributed to the adsorbed water with the hygroscopic species such as sulfate, nitrate and ammonium during the transportation and condition (Xue et al., 2014) , and the selection of 1.6 as the conversion factor from OC to OM in this study (Turpin and Lim, 2001; Zhang et al., 2013) . A much higher conversion factor from OC to OM of up to 1.92 ± 0.39 was obtained in Chinese urban organic aerosols based on a mass balance method by Xing et al. (2013) . Cao et al. (2013) also suggested a much higher factor of 3.2 from OC to OM if the carbonaceous aerosols were mainly formed from photochemical reactions.
Secondary Inorganic Ions
The contributions of sulfate, with an annual mean ranging from 10.72 ± 4.15 to 11.29 ± 5.52 µg m -3 , were significantly higher than nitrate (5.50 ± 4.40-5.67 ± 4.21 µg m -3 ) and ammonium (6.14 ± 4.00-6.26 ± 4.02 µg m -3 ) in accordance with the current Chinese energy structure with coal playing the main role . The levels of the three inorganic species were significant lower than those observed at the Beijing, Tianjin, Jinan, and Chengdu urban sites and higher than those in Hong Kong and Fuzhou urban sites, especially for nitrate and ammonium (Table 1 ). The significant enhancement of nitrate and ammonium in Fuzhou urban area from 2007 to 2013 coincided with the growth of traffic pollutants followed by rapid urbanization observed in Beijing (He et al., 2001; Yang et al., 2011; Zhang et al., 2013; Zhao et al., 2013) .
In average, the sum of sulfate, nitrate and ammonium (SNA) contributed 39.8-46.1% of the PM 2.5 mass at the four urban sites with lower values in summer (18.3-23.2%) and higher values in other seasons (43.2-52.2%) (Fig. 1) . Fig. 3 shows the components driving the high PM 2.5 mass by binning the fractional contribution of each component to the total PM 2.5 mass in 10 µg m -3 unit intervals. The figure clearly shows that the elevated concentrations of PM 2.5 is characterized by an increasing SNA fraction, such as from 21% for PM 2.5 levels below 15 µg m -3 to 78% for PM 2.5 greater than 155 µg m -3
, demonstrating the importance of SNA formation in driving particulate pollution. Similar trends have also been observed for PM 2.5 collected during the episodes of 5-25 January 2013 at the urban sites of Beijing, Shanghai and Guangzhou and the periodic PM 2.5 episodes from 25 September to 13 November 2013 in Beijing (Guo et al., 2014) . Moreover, the fraction of nitrate to PM 2.5 along with the increase of (Fig. 1) . This implied somewhat similar source categories, local or regional or both in this coastal zone. Moreover, the unidentified components showed well positive correlations with PM 2.5 mass (r = 0.611-0.671) as well as the three major inorganic ions (r = 0.355-0.654) concentration in µg m -3 and the number of samples in that range (inside of the parentheses).
PM 2.5 mass concentration increased at a faster rate (regression slope = 0.1366) than that of sulfate (regression slope = 0.1255) and ammonium (regression slope = 0.0948). This suggested that the emission control on nitrate precursors (mainly from motor vehicles) should be emphasized during the haze episodes in the area. However, due to the competition for bases (atmospheric ammonia) between nitrate and sulfate aerosol formation, the emission control on SO 2 and NO x may not necessarily result in the decrease of nitrate aerosol due to more NO x will react with NH 3 to form NH 4 NO 3 (Lei and Wuebbles, 2013; Wang et al., 2013) . In the Ammonia-Nitric Acid-Sulfuric Acid-Water System, the formation of nonvolatile (NH 4 ) 2 SO 4 is preferred (Seinfeld and Pandis, 2006) . Thus, the relationship between excess ammonium molar concentrations (defined as the ammonium minus the ammonium required to neutralize the available sulfate, i.e., [NH 4 + ]-2[SO 4
2-]) and nitrate molar concentrations can be used to assess the formation of nitrate. Fig. 4 depicts the molar concentration comparison of excess ammonium vs. nitrate. When the ammonium is rich, excess ammonium will be available to react with nitrate to produce NH 4 NO 3 (Seinfeld and Pandis, 2006; Pathak et al., 2009 ). In our previous study, high emission fluxes of NH 3 and NO x were found in the coastal urban areas due to high population and traffic densities while SO 2 showed a more scattered distribution in this coastal urban zone (Lu et al., 2014) . This condition is favorable for the in-situ formation of NH 4 NO 3 . For all the PM 2.5 samples, the Pearson's correlation coefficient between NH 4 + and NO 3 -(r = 0.841-0.899, p < 0.001) were higher than that between NH 4 + and SO 4 2 (r = 0.787-0.847, p < 0.001) (Tables S1-S4) suggesting that NH 4 NO 3 was present in substantial concentrations in this urban area. Moreover, the internal mixture of nitrate with sulfate could also reduce the thermodynamic dissociation constant Kn for NH 4 NO 3 , which would result in less loss of NH 4 NO 3 through evaporation (NH 4 NO 3(s) ↔ NH 3(g) + HNO 3(g) ) ). At each sampling site, the ratios of NO 3 -/SO 4 2-had similar seasonal trends with the highest values in the winter (0.65-0.90) and spring (0.53-0.98), followed by those in fall (0.21-0.37) and summer (0.13-0.18) (Fig. S3(a) ). Both NO 3 -and SO 4 2-as well as the ratio of NO 3 -/ SO 4 2-were strongly anti-correlated with T (P < 0.001) indicating that NO 3 -was more sensitive to air temperature. Thus, the lowest NO 3 -/SO 4 2-ratios observed in summer were most likely due to the loss of NH 4 NO 3 at high temperature . High NO 3 -/SO 4 2-in winter and spring suggested a less evaporation of NH 4 NO 3 and a great fraction of particles resulted from vehicle exhausts. Besides, the influences of temperature, the transformation rate of sulfur dioxide (SO 2 ), nitrogen oxides (NO x ), and ammonia (NH 3 ) to sulfate, nitrate and ammonium could also influence the mass concentration and composition of SNA aerosols . As shown in Fig. S4 , the decrease of NOR in summer was more significant than that of SOR further indicating the influence of high temperature on nitrate loss.
In this study, the molar ratio of SO 4 2-to SO 4 2-+ SO 2 defined as sulfur oxidation ratio (SOR) and the molar ratio of NO 3 -to NO 3 -+ NO x defined as nitrogen oxidation ratio (NOR) were used to evaluate the atmospheric transformation SO 2 to SO 4 2-and NO x to NO 3 -at XM and FZ sites Fu et al., 2008; Yang et al., 2012; Squizzato et al., 2013) . Both of these ratios exhibited a similar seasonal trend, which was significantly low in summer and high in fall, winter, and spring (Fig. S3) . These trends are similar to those observed in Shanghai and Venice (Squizzato et al., 2013) ; but contrary to the results in Beijing and Jinan (Wang et al., 2005; Yang et al., 2012) . The low SOR and NOR ratios in summer may be due to the unfavorable conditions, such as low concentrations of PM 2.5 , SO 2 , NO x and O 3 , for the homogeneous and heterogeneous gas-particle conversion of SO 2 and NO x and less long-range transport processes carrying secondary sulfate and nitrate from surrounding air shed in the southwestern monsoon season (Fig. S4 , Tables S1 and S2). Noticeably, much lower NOR values in fall were also observed due to high temperature and low relative humidity (Figs. S2, S4 and S9).
As shown in Tables S1 and S2, the strong positive correlations of SOR and NOR vs. O 3 and PM 2.5 likely indicated that the polluted atmosphere was favorable for the transformation of SO 2 and NO x (Yang et al., 2012) . However, strong negative correlations between SOR and SO 2 were observed at both XM and FZ sites, which were completely different from the positive correlation between NOR and NO x . On this basis it is apparent that nitrate was mainly from local formation, whereas sulfate was mainly transported from sources outside the coastal urban areas (Squizzato et al., 2013) . As for NOR, the significant low values found in summer could be more attributed to the loss of NH 4 NO 3 at high temperature with average up to 30°C than to the low transformation rate of NO x to NO 3 - . Moreover, the correlations between NOR and NH 4 + and PM 2.5 (r NOR-NH4+ = 0.722-0.806, r NOR-PM2.5 = 0.749-0.790) were stronger than those of SOR with NH 4 + and PM 2.5 (r SOR-NH4+ = 0.480-0.612, r SOR-PM2.5 = 0.487-0.605) suggesting that the formation of NO 3 -could occur through a gas-phase oxidation of NO x in situ produced and enhanced due to the greater availability of NO x and favorable meteorological conditions in the cold seasons (Squizzato et al., 2013) . But, the lack of HNO 3 data in this study would limit the further investigation about the formation mechanism of nitrate. Nevertheless, the positive feedback loop between the higher transformation of SO 2 and NO x and the higher PM 2.5 was expected to result in an air pollution episode when there are stagnating meteorological conditions, such as low vertical mixing coefficients (Fig. 2) .
Carbonaceous Species
As summarized in Table 1 , the OC and EC annual mean in this study ranged from 8.06 ± 2.04 to 11.95 ± 2.85 µg m , respectively. Such levels were much lower than those observed at urban sites in the above listed megacities in China. Interestingly, the concentrations of EC at XM and FZ sites showed significant decreases compared those reported in previous studies in the same urban areas (Zhang et al., 2011; . This improvement of air quality in terms of EC, which is usually recognized as a typical primary pollutant from vehicle exhausts in urban areas, may be more attributed to specific sampling site characteristics than to vehicle exhaust emission control. The urban sites for PM 2.5 measurement in Xiamen and Fuzhou in the previous studies (Zhang et al., 2011; Xu et al., 2012) are very close to busy traffic roadways, and may be subject to substantial influence of vehicular exhaust soot (EC), especially heavy duty diesel truck exhaust. Similarly, Louie et al. (2005) also measured very high EC levels (20.18 ± 4.25 µg m -3 ) at a roadside site but much low levels at more secluded urban site (5.37 ± 1.40 µg m -3 ) in Hong Kong.
On average, contrary to SNA mass contributions and NO 3 -/ SO 4 2-mass ratios, carbonaceous aerosols and the ratios of OC to EC (OC/EC) showed weak seasonal variations (Fig.  S2(b) ). The highest relative contributions of carbonaceous aerosol to PM 2.5 mass are expected to be found in summer season due to the lowest PM 2.5 mass concentrations (Fig. 1) . The OC/EC ratios in summer were close to or slightly higher than those in other seasons at each site except XM. At the XM site, the lowest OC/EC ratios were observed in summer and were similar to the trend reported in the same city in Zhang et al. (2011) , probably due to its seashore position. As an island, Xiamen is affected by the influence of sea breeze and low OC/EC ratios are expected to be observed due to the decreased input of regional OC.
In this study, the contribution of secondary organic carbon (SOC) was estimated using an EC tracer method (Strader et al., 1999; Cao et al., 2007; Zhao et al., 2013; Li et al., 2015) :
where (OC/EC) pri is the ratio for primary sources contributing to PM 2.5 . Following the method in Feng et al. (2009) and Li et al. (2015) , the values of (OC/EC) pri were simplified as the smallest observed ratio in the range of 2.80-5.21. These (OC/EC) pri ratios were comparable with 2.2-5.3 in Feng et al. (2009) but higher than 1.27-1.85 in Li et al. (2015) . The difference of (OC/EC) pri in different studies may be related to analysis method of carbonaceous species. Watson et al. (2001) has pointed out that the OC/EC ratios measured by TOT method (in this study and Feng et al., 2009) were comparatively higher than the ratios measured by TOR method (in Li et al., 2015) . Using this method SOC/OC ratios are shown in Fig. 5 , and SOC accounted for 26-65% of the OC, suggesting that SOC is an important component of PM 2.5 . The estimates of SOC to OC in this study were comparable with 25-46% in Nanjing , 27.0-33.2% in Shanghai (Feng et al., 2009), 47.5-48 .3% in Jinan (Yang et al., 2012) and 43.4-58.8% in Xiamen suburban area (Zhang et al., 2012) . The higher fraction of SOC to OC observed in summer and fall may be related to the ambient conditions, such as the concentrations of O 3 , OH· and NO 3 · radicals as well as higher temperature and UV intensity (Seinfeld and Pandis, 2006) . As presented in are expected in spring and fall through the reaction of NO 2 with O 3 to form NO 3 · radical (Vrekoussis et al., 2007) . However, higher ultraviolet intensity in summer can enhance the photolysis of O 3 and other compounds to produce more OH· radicals (Seinfeld and Pandis, 2006) . These mechanisms may be used to explain the enhanced SOC/OC ratios in fall and summer as shown in Fig. 5 . Similar seasonal trends of SOC/OC were also reported in Nanjing and Shanghai (Feng et al., 2009; Li et al., 2015) . Nonetheless, the contribution of SOC to OC cannot be precisely determined because the formation of SOC is very complicated and can be affected by many ambient factors such as temperature, ultraviolet intensity, oxidant levels, particle characteristics and SOC precursors (Seinfeld and Pandis, 2006; Hsu et al., 2010) .
Inorganic Elements
As illustrated in Fig. 1 , the crustal species in PM 2.5 was 1.0-4.6 µg m -3 and usually accounted for < 7% of PM 2.5 mass. Significant high loadings of crustal species were observed in November 2011 at the XM site (contributed 4.44 µg m -3 or accounted for 8.9% of PM 2.5 ) due to dust emission from residential construction and in July 2012 at the QZ site due to road excavation (contributed 5.89 µg m -3 or accounted for 15.3% of PM 2.5 ). The levels of crustal species are comparable to those measured in the urban areas of Hong Kong (2.4 ± 1.6 µg m ) and Chongqing (7.6-9.9 µg m -3 ) (Hagler et al., 2006; Yang et al., 2011) . Similarly, Al, as a marker for crustal species, also showed much lower levels when compared to those reported in Chinese megacities (Table 1) . Furthermore, the ratios of Si to Al (Si/Al) showed lower values in summer (1.8-2.1) than in other seasons (2.2-2.8). Lower Si/Al ratios have been observed in soil (1.46-1.89) than those in road dusts (2.13-2.24) in this coastal urban area (Zheng et al., 2013) . In Hong Kong, lower Si/Al ratios in soils (1.25-1.55) than those in road dusts (2.56) and cements (3.93) were also observed (Ho et al., 2003) . Based on the seasonal variations of Si/Al, road dusts may have less influence on PM 2.5 in summer than in other seasons. In general, the relative contributions of crustal species to PM 2.5 showed high values in summer due to the lower PM 2.5 mass. The trend of relative contribution is clearly shown in Fig. 3 , suggesting that the frequent road watering widely used in Xiamen and other cities in this coastal urban area for adding humidity and reducing urban road dust resuspension will not help to reduce fine particulate levels efficiently.
The concentrations of trace species were slightly higher than those of crustal species with values in the range of 2.6-3.5 µg m -3 . The values are higher than those in Hong Kong (1.0 ± 0.3 µg m -3 ) and Shenzhen (1.6 ± 0.9 µg m -3
), and comparable with 2.5 ± 1.3 µg m -3 in Guangzhou, 1.4-2.3 µg m -3 in Beijing and 2.4-4.0 µg m -3 in Chongqing (Hagler et al., 2006; Yang et al., 2011) . Similar to crustal species, higher relative contributions of trace species to PM 2.5 were observed in summer than in other seasons (Fig. 1) . Pb and K b , mainly emitted from fuel combustion/industrial activities and biomass burning, were at trace levels in samples and showed similar seasonal trends with lower values in summer and higher in other seasons (Table 1) . The annual average concentrations of Pb were 0.11-0.12 µg m -3 at all four urban sites, and were close to the mean wintertime concentrations (0.095 µg m -3 ) in PM 10 collected from Kinmen Island (an offshore island close to Xiamen Island) (Hsu et al., 2010) but lower than those reported levels in other Chinese megacities listed in Table 1 . On average, the calculated K b levels were 0.37-0.45 µg m -3 and accounted for 81-88% of measured K + . At all sampling sites, Pb and K b were positively correlated with Fe, Mn, Zn, and EC (r = 0.204-0.641, p < 0.01) but not with Al and Si. The stronger correlation among Pb, Zn, Mn, Fe and K b suggested their common sources such as vehicular exhausts, metal processing and biomass burning and/or similar atmospheric fate under the common synoptic conditions. Although our study location was close to the coast line, sea salt comprised only 0.3-1.8% of PM 2.5 mass, which was similar to the observations made in USA (Malm et al., 2004) , probably due to the size distribution of Na + which was dominanted by the coarse mode (> 2.5 µm) .
Reconstructed Aerosol Light Extinction Coefficient
In addition the adverse health effects of PM 2.5 , it can also result in atmospheric visibility deterioration through light extinction (IMPROVE, 2010) . In this study, the visibility is anti-correlated with the mass concentration of PM 2.5 and its major components and meteorological parameters (p < 0.001) at both XM and FZ sites (Table S1 and S2), consistent with previous studies (Yang et al., 2007; Huang et al., 2009; Cao et al., 2012) . For the relation between visibility and PM 2.5 mass concentration, we find the logarithmic function that best fits the data at both XM and FZ sites (Fig. 6) , and find different functional fits from those established in Jinan by Yang et al. (2007) and in Xi'an by Cao et al. (2012) . Furthermore, the coefficient of determination (R 2 ) increased when the samples collected in rainy days were removed, most markedly at the FZ site. The results clearly showed that PM 2.5 levels need to be reduced more to enhance visibility from 5 to 10 km than from 10 to 15 km.
We also used the revised IMPROVE algorithm to estimate aerosol light extinction coefficients (b ext ) (Pitchford et al., 2007) . The algorithm included contributions from ammonium sulfate (AS), ammonium nitrate (AN), organic matter (OM), elemental carbon (EC), soil, coarse mass (PM 10 -PM 2.5 ), NO 2 and site-specific Rayleigh scattering of clear air: (4) where f S (RH) and f L (RH) are scattering enhancement factors for small and large AS/AN, f SS (RH) refers to sea salt. The site-specific Rayleigh scattering coefficient was assumed to be a constant value of 12 Mm -1 near sea level. In the urban areas, PM 10 was around two times of PM 2.5 (1.81 ± 0.18-2.30 ± 0.42) during the sampling period based on the data from Fujian Environmental Protection Bureau, which was close to 1.91 in Shanghai (Huang et al., 2009) . The details of the small/large split component approach and parameters can be obtained from Pitchford et al. (2007) . Predicted visibilities in km express as reconstructed deciview were calculated from Koschmeider equation (Seinfeld and Pandis, 2006) :
The predicted visibility using revised IMPROVE method correlated well (P < 0.001) with the measured visibility with a regression slope of 0.80-1.10 (Fig. S6) , indicating that PM 2.5 and related air pollutants can be used to predict visibility. Noticeably, at the XM site there appeared to be more large deviations of predicted vs observed visibility above the 1:1 line, whereas at the FZ site the deviations were greater below this line. More information about the mixing states (internal and external) and more locally-derived dry light scattering and absorption coefficients and f(RH) might improve the agreement (Pitchford et al., 2007; Cao et al., 2012) . As shown in Fig. S7 (Cao et al., 2012) and 704 Mm -1 in Seoul (Kim et al., 2006) and slight higher than 292 Mm -1 in Jinan (Yang et al., 2007) and 214 Mm -1 in peri-urban of Xiamen (Zhang et al., 2012) . Moreover, the calculated contributions of the major species to b ext showed different seasonal patterns. Ammonium sulfate was not always the largest contributor (except in summer) accounting 15-43% of b ext , different from previous studies in Xi'an (Cao et al., 2012) and Jinan (Yang et al., 2007) . Another three important contributors were AN (2-31%), OM (13-47%) and coarse mass (11-21%). EC was the minor contributor due to its much low contribution (3-10%). These results suggest that the visibility is strongly connected to fine particulate matter and emission reduction of SNA and OM could help achieving a better visibility. 
Diurnal Variations
It can be seen from Fig. 2 that the time series of PM 2.5 coincided well with rainfall. In most cases, rain wash-out could remove PM 2.5 to a great extent. Higher pressure and lower vertical mixing coefficient, were another two important drivers for air pollutants accumulation, especially during the sampling periods without significant rainfall (Figs. S2, S8 and S9). For example, the low levels of PM 2.5 measured between 5-7 July 2012 could be attributed to the increase of mixing coefficient (or wind speed) and air pressure. However, in 2013 summer, the significant decrease of PM 2.5 from June 30 to July 1 were more related to wind direction which shifted from the southwest to the north and the northeast due to the effects of typhoon Rumbia moving northwestward to the South China (http://en.wikipedia.org/wiki/Tropical_St orm_Rumbia_(2013)).
Notice that after a rain event PM 2.5 mass concentration could recover and approach another peak rapidly in 1-3 days which showed a peak-valley cycle (Fig. 2) . Rain events appeared to be the most important meteorological factor in driving the periodic PM 2.5 cycle, which was different from that in Beijing where the wind direction and speed controlled the periodic PM 2.5 cycle (Guo et al., 2014) . This peakvalley cycle also indicated the existence of strong emission sources which contribute to the air pollution episodes in appropriate meteorological conditions. As shown in Tables S1-S2, the strong positive correlation relationships between PM 2.5 major components and precursors (SO 2 and NO x ) as well as oxidation ratios (SOR and NOR) and O 3 , indicating an important role of photochemical activity in the formation of particle phase SNA and OM. The unfavorable dispersion conditions drive the positive feedback loop between precursors and secondary aerosols as illustrated before. Once the meteorological drivers become weak and even negative (e.g., rain wash out), clear air is expected.
Since the meteorological parameters in summer presented in Fig. S8 showed zigzag day-night variations, similar regular trends were also expected for PM 2.5 and associated air pollutants. In summer, PM 2.5 mass concentrations were slight higher in daytime than at nighttime (Fig. S9) . These patterns might be greatly influenced by OM and sulfate due to their high contributions (48.9-59.1%) to PM 2.5 as illustrated in Fig. 1 . It can be seen from Fig. S9 , the day-night trends of SO 2 and O 3 were similar to those of sulfate and OM. However, NO 2 and nitrate concentrations showed clear diurnal variations with higher values during nighttime. This might have been due to the photolysis of NO 2 by UV light which resulted in higher O 3 during the day. Owing to the combined effect of higher NO 2 and RH, and lower temperatures during the nighttime (Figs. S8 and S9 ), more nitrate were produced. In spite of this, the contribution of nitrate to PM 2.5 (less than 2.5% on average in summer) is too low to offset the contribution of sulfate and OM. Noticeably, the stronger sea breeze from south-southeast and higher mixing coefficient during the daytime (Fig. S8 ) didn't dilute the air pollutants to a great extent and disrupt the day-night variation patterns due to the strong daytime secondary transformation (except for nitrate formation). In other seasons, the frequent rain scavenging as well as no regular day-night difference for mixing coefficient could interrupt and overwhelm the regular day-night photochemical differences.
CONCLUSIONS
Intensive PM 2.5 sampling was carried out and analyzed for its chemical composition and temporal variations at four urban sites in the southeast coastal area of China. The annual average levels of PM 2.5 obtained in this study obviously exceeded the annual level of Grade II (35 µg m -3 ) given in China's latest Ambient Air Quality Standards (GB 3095-2012) , but at the same time are lower than those reported in other Chinese megacities. At the four sites, organic matter was always the single largest component followed by sulfate, ammonium and nitrate, and their variability remained stable during the same sampling season. The significant predominance of sulfate over nitrate (around two-fold) indicated the importance of promoting clean coal combustion for control of air pollution in this area. Sulfate, nitrate and ammonium were the most important drivers of PM 2.5 episodes. The increasing contribution of nitrate to PM 2.5 compared to sulfate during haze episodes further emphasized the importance of local vehicle exhausts in the urban area. The seasonal variations of PM 2.5 and its major components at the four sites were similar with lower levels in summer and higher in other seasons which were associated with the summer southwest monsoon and other season's northeast monsoon.
Rainfall scavenging was the most critical parameter in driving the periodic PM 2.5 cycle, which was different from that in Beijing where the wind direction and speed played the major role. Under appropriate meteorological conditions, the formation of positive feedback loop between enhanced primary pollutants and transformation rates and PM 2.5 played the most important role in the formation of pollution episode in this coastal urban zone. Regular diurnal variations were only observed in summer when there existed regular variations for meteorological parameters but with no significant rainfall and external input. Although the atmospheric dispersion conditions were better during the daytime than nighttime in summer, the daytime predominant PM 2.5 was observed due to the more production of sulfate and organic aerosols through secondary photochemical reactions. Measured visibility variations correlated well with the predicted visibility based on the revised IMPROVE method, reflecting that visibility is an indicator of urban air quality. Up to 80% light extinction coefficient was contributed from ammonium sulfate, ammonium nitrate and organic matter. Considering the similarities in the chemical composition and the synchronous variations of PM 2.5 at the four sites, this coastal urban zone would be an appropriate place to investigate the regional-scale PM 2.5 pollution extending from YRD to PRD along the coastal lines of Eastern China. 
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